In this study, the distributions of polybrominated dibenzo-p-dioxins (PBDD/Fs) and dibenzofurans and polybrominated diphenyl ethers (PBDEs) in the bottom residues of the combustion chambers (BR), the fly ashes from superheaters (SH), economizers (EC), semi-dry scrubbers (SDA), fabric filters (BF), fly-ash pits (FAP) and stack flue gases (SFG) of two municipal solid waste incinerators (MSWIs) and the bottom residue (BR), electrostatic dust precipitators (ESD), and stack flue gases (SFG) of a coal-fired power plant (TPP) were investigated. BR of combustion chambers exhibited the highest content of PBDEs and PBDD/Fs among all the units. The amount of PBDE mass found in bottom residues constituted 99.7% at MWSI-A, and 92.6% at MSWI-B and 75.1% at TPP of the total PBDE discharges, respectively; while the second highest PBDE mass observed in MSWI-A and MSWI-B was from SFG (0.146%) and EC (5.54%), respectively. In TPP, the PBDE distribution was 75.1% in BR, 12.5% in ESD, and 12.4% in SFG. The mean concentrations of PBDEs emitted from SFG of MSWI-A, and MSWI-B were 9.32 ng/Nm 3 , and 7.62 ng/Nm 3 , respectively; however, that of PBDE discharged from SFG of TPP was only 5.43 ng/Nm 3 . The dominant congener found from MSWI-A,MSWI-B and TPP, was BDE-209, accounting for 65.9%, 77.7%, and 77.6% of total PBDE concentrations in SFG, respectively; whereas BDE-206 (6.01%-6.36%) was the second highest congener. Meanwhile, the PBDE emission factors from the stack flue gases were 35.6 ± 10.9 g/ton-waste at MWSI-A, 47.6 ± 29.4 g/ton-waste at MSWI-B and 62.9 ± 10.9 g/ton-coal at TPP of the total PBDEs, respectively; showing the PBDE emission rates and contributions of TPP to the ambient air are actually much higher than those of MSWIs, while the PBDE concentrations in SFG of TPP were lower than MSWIs'. Further investigations on the safety of BR reutilization and the impact of SFG from TPP are strongly advised.
INTRODUCTION
Polybrominated diphenyl ethers (PBDEs), as a group of the cheapest yet effective fire retardants, have been extensively used as additive flame retardants (FRs) in the world since the 1970's (Rahman et al. 2001) . PBDEs are well known to be a group of persistent organic pollutants, the penta-, octa, and deca-BDEs being the most common products of all the BDE in December of 2009, with production, importation, and sales of deca-BDE for most uses in the United States to end by December 31th, 2012, and all uses to end by December 31th, 2013 (USEPA, 2010) .
PBDEs are often added at 5-30% weight of the product (Peng et al., 2007) ; a previous study indicated that the content in different TV housing samples can reach 25,000 mg/g (Kim et al., 2006) . Concerns about polybrominated dibenzo-pdioxins and dibenzofurans (PBDD/Fs) have also increased because PBDD/Fs were observed to be released from products containing BFRs during the incineration of product wastes or the processing of PBDE-containing plastics (Sakai et al., 2001; Watanabe and Sakai, 2003; Weber and Kuch, 2003; Lai et al., 2007) . Moreover, the most commonly used deca-BDE (BDE-209) was found to form photolytically debrominated and nona-to tetra-BDEs as well as some PBDFs (Soderstrom et al., 2004) . PBDD/Fs have also been reported at average levels of 280,000 ng/g in waste television cabinets manufactured in Japan between 1984 and 1998 (Sakai et al., 2001) .
The structure of PBDEs is similar to that of polychlorinated biphenyls (PCBs) (Talsness, 2008) , but PBDEs are generally more polar than PCBs because of the presence of the oxygen atom and the resulting asymmetry regarding the horizontal axis (Peng et al., 2007) . The structural similarity also occurred between PCDD/Fs and PBDEs; similar characteristics were also found, such de novo synthesis (Artha et al., 2011) . It is known to us that PCDD/Fs have been found in various sources, such as crematories, sinter plants and so on (Wang et al., 2003a; Wang et al., 2003b; Lee et al., 2004; Lee et al., 2005; Chen et al., 2011; Huang et al., 2011; Lin et al., 2011) . PCBs and PCDD/Fs are known to entering soils via dry and wet disposition (Lee et al., 1996) , and accumulate in animals (Lee et al., 2009) ; these are the characteristics PBDEs also possess.
Once released during production, recycling, or usage, PBDEs tend to persist in both terrestrial and aquatic environments (Hites, 2004; Soderstrom et al., 2004; Mandalakis et al., 2009) . Therefore, the uses of unregulated deca-BDE products has caused less-brominated congeners, which are the most highly toxic, to be bio-accumulated in animals (Hale et al., 2001; Darnerud, 2003; La Guardia, et al., 2006; Meng et al., 2007; Kuiper et al., 2008; . According to previous research, PBDEs have been detected in wild animals, and predators, such as peregrine falcon (in eggs) and blue fishes, have higher PBDE burdens than do other susceptible animals (Bocio et al., 2003; . Also, Wang (Wang et al., 2010b) stated that PBDE concentrations in the stack flue gases of combustion sources, including waste incinerators, metallurgical processes, power-heating systems, possess high PBDE concentrations revealing that they are not only major PCDD/F emission sources, but also important PBDE emitters to the atmosphere.
Since the 1970's, PBDE concentrations in the breast milk of Swedish mothers has increased almost 100-fold, doubling about every five years from 1972 to 1997 (Noren and Meironyte, 2000) . However, a survey from 1973 to 2000 in Japan indicated that PBDE concentrations in the breast milk of Japanese mothers are relatively low (Akutsu et al., 2003) . In Taiwan, the conducted research on human breast milk has found that PBDE concentrations are 1.6-2.3 times higher than that of Japanese mothers (Chao et al., 2007; Horng et al., 2010) . The bio-accumulating effect in human bodies has become a concern due to the fact that several toxicological effects of PBDE congeners such as neurotoxicity, behavioral changes, and endocrine disruption have been detected in experimental animals, (McDonald, 2002; Darnerud, 2003; Kuiper et al., 2008; van der Ven et al., 2009) . The major source of human PBDE exposure is through diet, accounting for 73% of daily intake (Bocio et al., 2003) . Moreover, the major human dietary exposure is through meat products (Bocio et al., 2003; Harrad et al., 2004) . However, in a United States study, the major exposure routes were determined to be ingestion and dermal absorption (Johnson-Restrepo and Kannan, 2009) . The different results could be attributed to massive usage of PBDEs in the U.S.
In Taiwan, a series of efforts have been launched with regard to building a PCDD/F emission inventory, including mobile sources (Chuang et al., 2010) , boilers , and joss papers (Chiu et al., 2011; Lo et al., 2011) , among other possible sources. Also, long term atmospheric PCDD/F monitoring has been done . The main PCDD/F sources in MSWIs were found to be from fly ashes ; furthermore, the highest content of PCDD/Fs in the MSWIs studied were found to be the ashes in bag filters (Lin et al., 2010) . In Taiwan, 72.2% of the electricity comes from thermal power plants, and 67% of those use coal as fuel. Not only have heavily oil-fueled power plants been found to contribute heavy metals in northern Taiwan (Wang et al., 2010d) , but also coal-fired power plants are known to be very significant sources of PCDD/Fs, accounting for 56% of total PCDD/F emissions in southern Taiwan (Lin et al., 2007) . However, the major PBDE sources in the MSWIs have rarely been discussed.
The reutilization of bottom residues in MSWIs has become a common idea after the wide deployment of "the most effective technique for PCDD/F emission control" (Buekens and Huang, 1998) . However, the bottom residues are industrial wastes which are often buried in landfills, and PBDEs observed at levels of the sum of PBDE-47, -99 and -100 were n.d.-4000 pg/L in the raw landfill leachate (Osako et al., 2004) . Therefore, the safety of reutilization of bottom residues from MWSIs and TPPs needs to be investigated because the chemical characteristics of PBDEs and PCDD/Fs could be different. Hence, the investigation of PBDE distribution in MSWIs and TPP should not be ignored even though many studies have already been conducted on PBDE toxicology, behavioral characteristics, and fate in the environment.
METHODS
Two continuously operating MSWIs (MSWI-A and MSWI-B) and a coal-fired power plant (TPP) located in southern Taiwan were investigated in 2009. The sampled TPP included the bottom residues (BR) in the combustion chambers, the fly ashes in the electrostatic dust precipitators (ESD) and the stack flue gases (SFG). The combination of air pollution control devices (APCDs) in the TPP was focused on removing the particulate matters from the stack flue gases. The feeding wastes in both MSWIs were of municipal and industrial origins. The municipal vs. industrial wastes handled were 40% vs. 60% for MSWI-A, and 80% vs. 20% for MSWI-B. The capacity of each furnace in MSWI-A and MSWI-B was 450 and 300 MT/day, respectively. The operating installment for each furnace was a two-stage, starved-air modular type, including its own heat recovery system (a superheater (SH) and an economizer (EC)), semi-dry absorbers (SDA), activated carbon injection systems, fabric filters (BF) and stacks. The combination of the above air pollution control devices, known as ''the most effective technique for PCDD/F emission control'' (Buekens and Huang, 1998) , is the most common system among MSWIs in Taiwan.
In order to provide data on the levels of persistent environment pollutants in the surrounding area, samples of the stack flue gas, air pollutant control residues, ashes from the units, ambient air, leaves, soils, and input wastes were collected in the same period of time. Typical ash samples were collected from six different parts of the MSWIs (bottom ashes (BR) from the combustion chambers, fly ashes from the super heaters (SH), economizers (EC), semidryer absorbers (SDA), and fabric filters (BF), and the fly ashes in the fly ash pits (FAP). The ashes in the FAPs were the mixtures of those in the SH, EC, SDA, and the BF. The sampling procedures for the stack flue gas, and ashes from the various units complied with the requirements of NIEA A807.74C, and NIEA R119.00C, respectively.
The analytical procedure met the government standard as published in NIEA M802.00B. The samples were pretreated before the analysis. Collected ashes, air-control residues, and soil samples were put on clean utensils or on a clean section of foil, after which their impurities were removed, and the samples were then air-dried or freezedried. When the diameters of pellets were greater than 15 mm, the pellets were shattered in order to prevent cementation of the dehydrated solid samples during the air-drying process. The solidified samples were crushed to smaller than 5 mm in diameter before the air-drying. After drying, the samples were sieved with a 2 mm (10 mesh) standard sieve and then ground to pass through an 18 mesh (aperture < 1 mm). The sieved ashes were mixed properly and put into flasks before they were extracted.
The stack flue gas and ambient air samples were placed in a Soxhlet extractor spiked with 30 L of an internal standard solution (23IS); the samples were extracted for 18 ± 2 hours. The extract was then evaporated off to near dryness and was dissolved in dichloromethane three times before being transferred to a clean tube. Each extract was equally divided into two (A and B) flasks. Flask A was acid-washed, and flask B was stored.
The ash and soil samples were placed in thimble filters and were put in a Soxhlet extractor with a spiked internal standard solution (1613LCS) and were extracted with heat for 22 ± 2 hours. The extract was cooled to room temperature and was then evaporated to near dryness. Leaf samples of about 10 grams were put on a cylinder filter with anhydrous sulfate. The sample was then moved to the middle section of a Soxhlet extractor with 700 mL of mixed acetone/hexane 50/50 (v/v) and 10 L of LCS. The Soxhlet extraction was initiated with a heating device. After the extraction, the extract was cooled to room temperature and evaporated off to near dryness.
The extracts were treated with sulfuric acid and then shaken in an ultrasonic oscillator. A series of sample cleanup and fraction procedures, including an acidic silica gel column, an acidic alumina column, and activated carbon chromatography, were used to treat the extract. The final extracts were blown with nitrogen to near dryness, and RS (for stack flue gas samples) or ISS (for the rest of samples) were added to the concentrates.
The analyses of PBDEs were carried out by a highresolution gas chromatographer/high-resolution mass spectrometer (HRGC/HRMS). Each PBDE congener was analyzed. The column equipped by HRGC was heated up from 150°C to 190°C with an increase in temperature of 20 °C/min and was then increased up to 220°C at 1.5 °C/min. The temperature was then increased to 310°C at 3 °C/min and was maintained for 2 minutes. The HRMS was equipped with an electron impact (EI+) source. The analytical mode of the selected ion monitoring (SIM) had a resolution power of 10,000. The temperature of the ion source was 250°C. The detailed analytical procedures have been described in previous researches (Wang et al., 2010b) .
RESULTS AND DISCUSSION

PBDE and PBDD/F Concentrations in the Stack Flue Gases
For the purposes of this study, 30 PBDE congeners were selected as the fingerprints of emission sources. Tables 1  and 2 show the mean PBDE and PBDD/F concentrations and relative standard deviations (RSDs) for samples collected in the stack flue gases of MSWI-A, MSWI-B, and TPP, respectively. The results indicated the concentrations of PBDEs emitted from the stack flue gas of MSWI-A, MSWI-B and TPP were 9.32 ng/Nm 3 , 7.62 ng/Nm 3 , and 5.43 ng/Nm 3 , respectively. The results are comparable with our previous research which is focuses on the distribution of PCDD/Fs in MSWI-A, MSWI-B and TPP (Lin et al., 2010) . The PBDE levels of MSWI-A were 116 to 132 times higher than that of the PCDD/F TEQs emitted from MWSI-A during the same period. The PBDE levels of MSWI-B were 100-137 times higher than that of PCDD/F TEQs from MWSI-B.
The mean total PBDD/F mass concentrations (sum of 12 congeners) in the stack flue gases of the MSWI-A, MSWI-B and TPP were 26.6 ± 2.60, 168 ± 202, 21.3 ± 15.5 pg/Nm 3 , respectively, while the corresponding TEQ concentrations were 3.14 ± 0.146, 13.9 ± 24.9, and 0.222 ± 0.248 pg TEQ/Nm 3 , respectively. The international toxic equivalency factors (TEFs) for PBDD/Fs were evaluated with those of PCDD/Fs'. Wang and Chang-Chien (Wang and Chang-Chien, 2007 ) measured only seven PBDD/F congeners for the mean total PBDD/F concentrations in the stack flue gases of 9 MSWIs, which were 2.28 pg/Nm 3 and 0.557 pg TEQ/Nm 
PBDE and PBDD/F Contents in Ash Samples
The mean PBDE and PBDD/F contents of ash samples collected from each unit of the MSWIs and TPP are given in Tables 3-12, respectively. MSWI-A and MSWI-B exhibited similar trends with regard to PBDD/F and PBDE content in the ashes. BR exhibited the highest PBDE content (20.4-186 ng/g) and the second highest PBDD/F content (1.58-3.13 ng/g, 0.0279-0.0613 ng TEQ/g) among all the other ashes. BR also contained the highest PBDE content (6.35 ng/g) and PBDD/F content (3.68 pg/g, 0.0342 pg/g TEQ) for TPP. However, PCDD/Fs, whose chemical structure is similar to PBDEs, were found to have the highest concentration in the fly ashes of bag filters in a recent study (Chang et al., 2006) . In Taiwan, 0.86 million tons of BR are produced from MSWIs each year, and 0.32 million tons of BR are reused for land-filling, road subbases and construction blocks, with the remainder sent to landfill sites (Wang et al., 2010a) .
Emission Factors of PBDEs and PBDD/Fs
Three routes have been considered as the pathway for releasing MSWI substances containing pollutants into the environment, including bottom residues, fly ashes and stack flue gas. The bottom residue route (Route I) includes BR and SH, which are usually collected for landfill or reutilization. The fly ash route (Route II) includes EC, SDA and BF, which are treated as hazardous materials and need to be solidified. Route III is stack flue gases. Tables  13-15 list the mean PBDD/F and PBDE emission factors for each route and the entire MSWI system for MSWI-A, MSWI-B, and TPP, respectively. The total mean emission factors for the MSWI-A, MWSI-B, and TPP were 9.21 ± 9.49 g TEQ/ton-waste, 7.02 ± 8.33 g TEQ/ton-waste, and 0.00482 ± 0.00512 g TEQ/ton-coal for PBDD/Fs, and 24357 ± 8285 g TEQ/ton-waste, 48711 ± 41889 g TEQ/ton-waste, and 507 ± 157 g/ton-coal for PBDEs, respectively. The total PBDE emission factors for the MSWI systems were three orders higher than PBDD/F emission factors. When comparing the emission factors for MSWI-A, MSWI-B, and TPP, MSWI-B with similar operational units to MSWI-A that were fed with a larger percentage of industrial waste, higher PBDE emission factors were obviously observed. Table 9 . PBDD/F content in MSWI-A operating units (a). 5.69 ± 1.77 9-10 Br BDEs 318 ± 102 32.8 ± 12.9 57.2 ± 9.04 Total BDEs ( g/ton-coal) 381 ± 134 63.4 ± 11.7 62.9 ± 10.9 PBDD/Fs Total PBDD/Fs ( g/ton-coal) 0.333 ± 0.333 0.00221 ± 0.00221 0.246 ± 0.168 Total TEQ ( g TEQ/ton-coal) 0.00229 ± 0.00229 0.0000221 ± 0.0000221 0.00251 ± 0.00281 Tables 16-18 list the PBDD/F and PBDE distributions (%) among the different ashes and the stack flue gases for MSWI-A, MSWI-B and TPP which were obtained from each emission factor from BR, SH, EC, SDA, BF and stack flue gas divided by the total emission factors of the MSWI-A, MSWI-B, and TPP, respectively.
Distribution of PBDEs and PBDD/Fs
In MSWI-A and MSWI-B, the weights of the bottom residues were 15% and 12.5%, and the weights of fly ashes were 8.3% and 6.3% of the solid waste feeds, respectively. In TPP, 1.46% by weight of coal became bottom residue, and 5.56% became fly ashes. BR exhibited much higher PBDD/F and PBDE distributions than those of other ashes, even higher than those of the BF in the MSWIs. Only less than 5% of the total PBDD/F TEQs and less than 1% of PBDEs were emitted from the stack flue gases. However, 51.2% PBDD/F TEQs and 12.5% PBDEs were emitted into the atmosphere. According to Tables 5-7, different PBDE emitting scenarios for MSWIs and TPP could be discerned. The concentration of PBDEs in TPP was lower than that found in MSWIs; however, the emission rate of PBDEs was the highest in TPP as compared to that found in MSWIs. The extreme outcomes indicated that even though the PBDE concentration in the TPP was low, the emission was still noticeable. The combination of dry scrubbers, activated carbon injections, and bag filters installed in MSWIs has served as the most effective technique for the control of PCDD/Fs and PCDD/F-like compounds. However, the largest emission factors in MSWI-A, MSWI-B and TPP were bottom residue, accounting for 99.7%, 92.6% and (Wang et al., 2010a) ; however, another study for a large scale MSWI states otherwise; only 57.8% of PBDEs was found in the ash combination of BR and SH (Wang et al., 2010c) . The dominating congener in each unit was BDE-209. However, the content of highly brominated PBDE (nona-and deca-BDEs) was found to decrease with temperature in each APCD unit, especially in the case of MSWI-B, where nona-and deca-BDEs consisted of 86.1%, 95.9%, 85.4%, and 41.3% PBDEs in SH, EC, SDA, and BF, respectively. Only 0.15% or lower PBDE mass escaped into the environment for every ton of wastes treated. The absence of adequate air pollution control devices for PBDE in PP led to a 12.4 % PBDE dispersal into the atmosphere for each ton of coal burnt; the percentage of PBDEs emitted from TPP was 80-120 times higher than those from MSWI-A and MSWI-B. The necessity of adding effective PCDD/F control devices, such as activated carbon and bag filters, to remove PBDEs in the coal-fired power plant has to be further investigated in order to mitigate the PBDE emission from TPP. The PBDE mass distribution pattern was very similar in each MSWI; however, the resemblance between the MSWIs is unapparent. The different PBDE emission characteristics between the MSWIs and the coalfired power plant should be noticed. The PBDE emission rate was found to be high in the coal-fired power plant and low in the MSWIs, whereas the emitting PBDE concentration was high in MSWIs and low in the coal-fired power plant. Thus, the PBDE contribution of the coal-fired power plant still needs to be assessed because the average amount of coal burnt in the TPP was 16,442 tons/day, while the solid waste burnt in the MSWIs was 1,140-1,185 tons/day. The estimated mass of PBDEs emitted by considering the high amount of coal burnt by PP would be 11,900 g/hr, which is comparable with those of the PCDD/Fs emitted from the MSWIs (669-830 g/hr). Thus, the PBDE emission rate of a TPP is 14.4-17.8 times of those associated with MSWIs.
Congener Profiles of PBDEs and PBDD/Fs
Figs. 1 and 2 show the profiles of individual PBDE fractions obtained from the respective flue gases of MSWI-A, MSWI-B, and TPP, respectively. The only dominant congener found from MSWI-A was BDE-209, accounting for 65.9% of total PBDE concentrations in the stack flue gases; BDE-206 and BDE-207 were the second and third most abundant congeners, but these two species comprised only 6.1% and 5.94% of all of the PBDEs, respectively. The dominant congener in MSWI-B, as in MSWI-A, was BDE-209, which constituted 77.7% of all PBDEs in the stack flue gas; the second and third highest congeners were also BDE-206 and BDE-207, accounting for 6.36% and 5.02% of all PBDEs in the stack flue gas, respectively. The congener pattern for TPP was similar to that of MSWI-A and MSWI-B, with BDE-209 (77.6%) as the dominant congener, followed by BDE-206 (6.01%) and BDE-207 (4.72%).
The PBDD/F and PBDE congener profiles in each unit of MSWI-A, MSWI-B and TPP are illustrated in Figs respectively. The stack flue gases of MSWIs and TPP contained abundances of highly brominated-substituted congeners, like OBDF, and 1,2,3,4,6,7,8-HpCDF, while OBDD, 1,2,3,4,6,7,8-HpBDD were found to be minor. In the case of PBDEs, the most dominant PBDE congeners in the MSWI stack flue gases were highly brominatedsubstituted congeners, especially BDE-209. All the other species were minor when compared to BDE-209. However, the levels of BDE-154 in the SDA, BF and FAP of MSWI-B were found to be much higher than was the case in any other unit.
Trends of PBDEs and PBDD/Fs among the Ashes
The elevated PBDE content in the BR showed that the PBDEs in the feeding waste may not be completely destroyed, although research (Sakai, et al., 2001) has reported that the destruction rates of PBDEs has reached 99.9% in a laboratory scale incinerator. The most dominant PBDE congeners in the BR are highly brominated-substituted congeners, especially BDE-209, which is still a common commercial product in the market. The elevated content of PBDD/Fs and PBDE in the BR could be similar, coming from PBDD/F-containing wastes incompletely destroyed. Another reason for the higher PBDD/F contents in the BR could be the pyrolysis and thermolysis of BFR-containing wastes in the furnaces. However, the PBDD/F yields from the thermolysis of Tetrabromobisphenol A (TBBP-A) have been found to be orders of magnitudes lower than that from PBDEs (Weber and Kuch, 2003) . The ''steric crowding'' of bromine atoms in BDE-209 suggest that the formation of the highly brominated-substituted PBDD/Fs from PBDEs was not favorable in BR (Weber and Kuch, 2003) . Consequently, the elevated PBDD/F content in the BR should be the feeding waste containing PBDD/Fs that was not completely destroyed. The remained PBDD/F and PBDE content left in the BR was even higher than that found in the BF containing activated carbon which could adsorb gas-phase PBDD/Fs and PBDEs.
Influence of the Feeding Wastes of the MSWIs
The tremendous differences in PBDE content for MSWIs and TPP proved the feeding characteristics do have a direct influence on the PBDE content in bottom residue, fly ashes, and stack flue gases. In view that no brominated flame retardant was sprayed on the coals burnt as TPP fuel, we speculated that the heat-resistant plastic used in the combustion system of the TPP or the precursor compounds in the coals reacting with gaseous inhalation which may contain bromine-rich sea spray (the TPP is located near the coastline) could be the source of the PBDEs and PBDD/Fs found in the stack flue gas and ash samples. It is possible that the type of the feeding wastes have more influence than the types of furnaces. The higher PBDE content in the TPP ESD as compared to the PBDE content in both MSWIs revealed that operating temperature in the ESD was more suitable for the precursors of PBDEs than for those of BF.
The results showed that further study is needed with regard to reduction of PBDE and PBDD/F contributions from MSWIs and TPP, including the prevention of high PBDE-containing wastes into incinerators, an increase in the removal efficiency of PBDEs and PBDD/Fs by APCDs, and a reduction in PBDE and PBDD/F leaching through reutilization of BR. Vitrification of ashes was proven to be an effective method to stabilize heavy metals (Li et al., 2003; Fig. 8 . PBDE congener profiles of the ashes in the MSWI-B operating units (b). ; this technique should be considered to prevent the release of PBDEs in ashes into the environment.
Contribution of PBDEs to the Environment
The PBDD/F emission factors based on the whole system was much smaller than that of the PBDEs, showing that the possible influences on the environment caused by PBDD/Fs is not significant when compared to the impact of PBDEs. Therefore, the potential impact on the environment caused by PBDEs from both MSWIs and TPPs needs further investigation. Although the PBDE content in the TPP stack flue gases was much lower than that of the MSWIs, the PBDE emission rates were 669, 830, and 11900 g/hr for MSWI-A, MSWI-B, and the TPP, respectively. The summarized PBDE emission factors for the stack flue gases were, i.e., 35.6, and 47.6 g/ton-waste for MSWI-A and MSWI-B, respectively and 62.9 g/ton-coal for the TPP. Therefore, the PBDE contribution from TPPs should not be ignored, especially in the gaseous phase. The reutilization of MSWI and TPP BR could transport PBDEs into the environment and therefore should not be ignored from the point of the developing PBDE inventory.
CONCLUSIONS
The elevated PBDE and PBDD/F content in BR indicated that PBDEs in the feeding wastes were not destroyed completely. The bottom residues of combustion chambers exhibited the highest content of PBDEs and PBDD/Fs among all the units. The amount of PBDE mass found in bottom residues constituted 99.7% at MWSI-A, and 92.6% at MSWI-B, and 75.1% at TPP of the total PBDE mass discharges, respectively. The second highest PBDE mass observed in MSWI-A and MSWI-B was from the stack flue gases (0.146%) and the economizer (5.54%), respectively, while the PBDE distribution in TPP was 75.1% in BR, 12.5% in ESD, and 12.4% in SFG. Therefore, the bottom residues of MWSI-A, MSWI-B, and TPP accounted for majority of the total PBDE mass discharges. The most pronounced difference between the PBDE discharges from the bottom residues of MSWI-A and MSWI-B and TPP was attributed to the characteristics of feeding materials. The mean concentrations of PBDEs emitted from the stack flue gas of MSWI-A, and MSWI-B were 9.32 ng/Nm 3 , and 7.62 ng/Nm 3 , respectively; however, that of PBDEs discharged Meanwhile, the PBDE emission factors from the stack flue gases were 35.6 ± 10.9 g/ton-waste at MWSI-A, 47.6 ± 29.4 g/ton-waste at MSWI-B and 62.9 ± 10.9 g/ton-coal at TPP of the total PBDEs, respectively. The above results show that the PBDE emission rates and contributions of gases of TPP were lower than MSWIs'. The consequences indicated that it is crucial to carefully treat the bottom residues at MWSIs in order to prevent the PBDEs from entering the environment, and the PBDE emission rates from the TPP were also found to be of great significance. Therefore, TPPs should not be ignored in PBDE emission inventories. However, further investigations are still required for the technique of PBDE and PBDD/F controls. 
